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An Analysisand Calculation of theOptical Thin
Film Packing Density and D ensity Un iform ity

TANGQi KIKUCH I Kazuo
(Shincron Co ,L td, Tokyo 140-8540)

Abstract: The packing density of deposited optical thin film s is usually cal-
culated by the variation of index values in vacuum and in atmospheric hum idity.
Inour AD experiments,w e found that the packing density of some film s calcu-
lated by thismethod is larger than 1 Q Thismeans its structure is denser than
that of anorphous nature The reason for this is it has a strong compressive
stress in film. W e alo found that thew avelength shiftsof some film s deposited
by IAD don't have a dependence upon the packing density because they have dif-
ferent microstructural uniform ity under different process parameters T he pack-
ing density and density uniform ity coefficient deposited by EB and IAD w ith dif-
ferent process parameters are calculated and analyzed The microstructures of
the film w ere investigated by means of SBM.
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1 Introduction

A water rption phenomenon in optical coatings has been understood T he packing den-
sity of deposited optical coatings is greatly affected by the microstructure Since ion-bean
techniques w ere gpplied in optical coatings , a dense film can be obtained to mprove the
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environmental stability. To distinguish these properties, the packing density P is usually
adopted™?. The deposited optical thin film can be divide into two parts, one, the mpenetra-
ble skeleton (wlid) part of the film consisting of the deposited film material, and the other
the pore(void) part Then, the packing density is defined as

P= (volune d the solid part o thefilm)/(total volune of the film). (1)

The theory and resultsof experiment show the follow ingmodel: In the film grow th dur-
ing deposition w ithout the ion-beam bom bardment, snall structural nuclei such as the nucle-
us for later grow ing dendrites are formed at first and then the voids appear in the films a-
mong these nuclei of gppropriate size During further film thickness grow th, the structural u-
nits tend to cluster into larger groups The voids in the group are closed, such that larger
voids gppear anong the groups rather than the dendrites, and these group sof dendrites form
the observed columns In the film grow th during depositionw ith the ion-beam bom bardment,
since bombardment of the energetic ion acts as the digplacement effect and the promotion ef-
fect of migration for adherent atom sor molecules, the film microstructurew ill be mproved,
and the packing density w ill be higher.

How ever, the packing density calculated by equation (1) is difficult to 0lve In case of
the optical thin film s ignoring the aborption, it isusually calculated by the film index in vac-
uum and in atmogheric humidity. In this experiment,w e found that some film s deposited by
IAD arew ith apacking density larger than 1 0, and some do not show a dependence of w ave-
length shift upon packing density. These phenomenaw ill be explained, and the newv defini-
tions of relative packing density and density uniformity w ill be introduced in thispaper.

2 An Analysisand Calculation of theOptical Thin Film Pack ing D ensity

To obtain the value of the packing density, wo methods have been introduced'. One is
by a scanning gectrometer, and the other by a quartz crystal microbalance The scanning
gectrometer has been extensively in use recently. Some calculation models are described by
K inoshita and N ishibori'® adopting a non-structural model w here the film w ill be composed
of the skeleton, i e olid part and voids, Chopra et al *,Bragg and Poppard™, and repec-
tively show ing the follow ing:

P= (n- nv)/(ne- nv) (2)
P= [ (n’+ 2) (n°- n®) 1/ (n°+ 2) (o~ n®) ] (3)
P=[(n"+ nY) (n* n®) 1/ (o'~ n®) (n*+ n®) ] (4)

w here ns, nv, and n are bulk, void, and film refractive index, regectively. In vacuum, n,= 1 and
n can be calculated utilizing the data obtained by a gectrometer. For the packing density,
V arious kinds of material by changing five different param etersw ere calculated by Ogura'™.

A |l the results of packing density are less than that of unity. How ever, in case of a process
w ith the presence of energetic ions, there are ome unsolved problen s in equations (2)  (4) .
For exanple, in the IAD processw ith oxygen ion bombardnent experments, an index of

anorphous Sioz film w ith excellent stoichiometry can be obtained at high values of about
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1 476 at 550 nm than w ith the bulk index value of SiO2, 1 460 at 550 nm, given by J R.

Pilipp'®.

valuesof P at 1 035,1 030, and 1 026, repectively. A Il the results of packing density are

Inserting the thin film index and bulk index of SiO2 into equations (2) (4) yields

larger than unity. Thisphenomenon does not only agppear in the case of SIO2film, but als in
aimost all dielectric film s, particularly those obtained by ion-beam or plagna assisted deposi-
tion A possible explanation is that the film is very densew ith a larger internal compressive
stress

A nother problen is how to detemine the bulk index n for an anorphousmaterial that
does not exist in nature or never investigated before For example, in the caseof TiOzfilm, its
bulk index isvery difficult to determine On the other hand, TiOzfilm ispossible of the index
values from 2 18 to 2 65 at thew avelength of 550nm deposited by variousmethods”’ °. For
calculating the packing density in this case, an arbitrary bulk index value is supposed and de-
fined as the related bulk index. If setting the related bulk index valueof TiOz2to 2 500r 2 70
at aw avelength of 550nm, the correponding evaporated film indices are set at 2 180, 2 285,
2 365, and 2 65Q In the case of the related bulk index value of 2 50 and using equation (4),
the packing densitiesw ith regect to the above T 02 film indices are @ 9008, Q 9370, Q 9621,
Q 9987, and 1 0367, regectively. The ratios of their packing densities are Q 8689. Q 9038:
Q 9280: Q 9633 1 Q In the case the bulk index value is 2 70, the packing densities of the
above film indicesare Q 8597, Q0 8943, Q 9182, Q0 9531, and Q 9894, repectively w ith ratios of
Q 8689: 0 9038: O 9280: @ 9633: 1 Q Thus, they yield the same ratios though they have dif-
ferent packing densities calculated by different bulk indices T he same results can be obtained
by equations (2) and (3). Therefore, the packing density can be defined as relative packing
density.

3 An Analysisand Calculation of theOptical Thin Film Density Uniform ity

In accordance w ith the above results of T Oz film, does the w avelength shift possess a
simple relation to the related packing density? Thisw ill be shown by the follow ing experi-
ments

T he calculation method is similar to equations (2)  (4). W hen the thin film are exposed
to a humid atmoshere, thew avelength shift of the thin film is related to itsow nmicrostruc-
ture Because the film index n in equations (2) (4) ismeasured in a humid atmohere, the
refractive index nv is a function of relative humidity,w ith

10 n(rh)<1.33 (5)

In the experiment, the anorphous T 02 thin film s, deposited by IAD using different de-
position parameters, are investigated, and both of their indicesare 2 390 measured in vacuum
atw avelength of 550nm. If giving a relative bulk index value of 2 50 and using equation (2),
the relative packing densities are all Q 9267. W hen exposing the thin films to humid atmo-
ghere, themeasured drifted indices are 2 390 and 2 399, regectively. It is reasonable to as
sume the value of nv2 as 1 33w hen thew ater molecule penetrates the voids in the film. |If
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relative packing density is still calculated by equation (2), both of their relative packing den-
sitiesare Q 9060 and Q 9137, regectively. This result show s that they have a different rela-
tive packing density in vacuum and in humid atmoghere The reaswn for this is that all the
voids are not completely filled w ith w ater molecules This can be explained by uniform ity of
themicrostructure It is difficult to calculate the packing density by the above equations be-
cause the bulk index value isassumed, and thew ater molecules cannot penetrate into som e of
themocro-voids Thus, it isnecessary to analyze and induce a factor relative to w ater orption
by meansof equations (2) (4). Rearranging equations(2) (4) to

= (ni- nui+ pnui)/pw (6)
2= (2n% 2nvi®+ puni’ni®+ 2pwnu’) /(pwni®+ 2pw- ni*+ nui’) (7)
2= [ (1+ pw)nv’ni®= (1= pw)ni]/[ (1+ pu)n® (1- pw)ni®] (8)

w here ns is the index of apart of film which has not absorbed w ater yet; i= 1, n: and nu are
regectively the indicesof the thin film and the void in vacuum; i= 2, n2 and n.z are the indices
of the thin film and void in a humid atmohere regectively, and pw is defined as density uni-
form ity coefficient related to w ater. For amore accurate calculation of the density uniform ity
coefficient, the index of the film in a humid atmoghere should bemeasured after boiling the
thin film inw ater or completing the humidity test Since apart of film index isa constant val-
ue both in vacuum and humid atmosphere, equations (6) (8) can be regpectively expressed
as

_ , - g
Pw= 1 Nv2- Nv1 (9)
_ 4(ne’n®- ne’ni® - (4+ nw’ne?) (- n2?) 4+ ni°ny’ (10)
Pw= (nv12- nvzz) (4+ ni?n22+ 2n.+ 2n22) 4+ nin+ 2ni+ 2n2°
Ao A2 AA-
Pw= A, (11)

where A 1= (nvlz' nvzz) (nv22+ nzz) (n12+ nvlz),
A= (n®+ nv2®) (ni’n2®- nini2’),

As= (i ) (v n2d) (N~ nudd).
4 Exper mental, Resultsand D iscussion

Shincron SX-1100 ion-bean assisted deposition (AD) system with a diameter of 120
mm radio frequency type ion sourcew as used for this experiment A schematic alignment of
the chamber isillustrated in Fig 1 The substrate isBK7, about 30mm in dianeter and 1mm
thick The physical and optical thicknesses are controlled w ith a quartz crystal monitor and
the optical monitor of reflectance mode, regectively. T he calculation of index in vacuum and
air is by meansof reflective optical monitor. During the depositon, RF ion source provided an
energetic ion beam of oxygen except the EB deposition The substratesw ere pre-cleanedw ith
oxygen ionsof 5008/ for 2minutesbefore film deposition A s the calculation model, the TiOz
thin film isadopted Its startingmaterial is T i€Os and the process parameters are summ arized
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in Table 1
Fig 1 Schematic diagran of the ion-bean assisted deposition apparatus
Table 1 The process paranetersof T Oz single layer film s deposited by
conventional EB and IAD methods
A nnotations in Tab 2 & Fig 2 [} | b, c | d,e | f.g | h | i
Starting material: Tis
U Itimate pressure(Pa): < 5.0x 10" 4
Substrate temperature(  ): 260 | b, d,f,h> 150 ceg,i,j< 150
Oz partial pressure(Pa): (1.3 2.0)x 10 2
D eposition rate(nm /s): 0.6 0.1
lon energy (eV ): 500
lon current density (u A /am?) 20 20 10, 20 20 20
Ratio of Ar:O2 Aronly 11 12 15 Ozonly

In case of the relative bulk index of 2 50, the expermental resultsof T Oz thin film w ith
indices n: and nz, deposited by conventional EB and IAD using different parameters, are insert
in equations (2) (4) and (9) (11). The resultsof relative packing density p and the densi-
ty unifom ity coefficient pw are listed in Table 2 The annotationson the n1 column signify the
regpective cross-sectional microstructures, taken by scanning electron microscope (SBEM ), are
shown in Fig 2

V aopr deposited film s have been found to have a columnar microstructure, show n in Fig
2(a), resulting from a low atom mobility. The presence of ions has been found to increase the
atom mobility, accelerate the nucleation process, thereby increasing the packing density of the
films For proving the mportance of density uniformity, amixture of oxygen atom s and argon
is introduced to the bom bardment™®™. Since the ion penetration leads to different void sizes
in the film, the packing density is dependence on the void size according to equation (1). In
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Fig 2 Cross sectional morphologies of TiOz film deposited by IAD (except Fig 2(a)

deposited by EB) with different process parameters shown in Table 2.
Table 2 Calculation of relative packing densities and density uniform ity coefficients
related to w ater orption of T Oz thin film, deposited by conventional EB
(first row) and IAD (after first row) methods using different process

param eters
p Pw

ni nz Egn 2 Egn 3 Egn 4 Egn 9 Egn 10 Egn 11
2. 1807 2. 286 0. 7867 0. 8733 0. 9008 0. 6788 0.8573 0.9198
2.216 2. 302 0. 8107 0. 8893 0.9137 0. 7394 0. 8867 0. 9367
2.251 2 343 Q 8340 Q 9043 Q 9257 Q 7212 Q 8826 Q 9354
2 300 2 322 Q 8667 Q 9248 Q 9419 0 9333 Q 9723 Q 9846
2 309 2 368 Q 8727 Q 9284 Q 9447 Q 8212 Q 9273 Q 9603
2 318° 2 356 Q 8787 Q 9320 Q 9476 Q 8849 Q 9531 Q 9743
2 322° 2 322 Q 8813 Q 9337 Q 9488 1 0000 1 0000 1 0000
2 342 2 411 Q 8947 Q 9416 Q 9551 Q 7909 Q 9175 Q 9557
2 349¢ 2 380 Q 8993 Q 9444 Q 9572 Q 9061 Q 9626 Q 9797
2 351° 2 351 Q 9007 Q 9451 Q 9578 1 0000 1 0000 1 0000
2 360 2 405 Q 9067 Q 9486 Q 9606 Q 8636 Q 9465 Q 9712
2 363 2 402 Q 9087 Q 9498 Q 9615 Q 8818 Q 9536 Q 9750
2 390¢ 2 390 Q 9267 Q 9601 Q 9695 1 0000 1 0000 1 0000
2 390 2 399 Q 9267 Q 9601 Q 9605 Q 9727 Q 9894 Q 9943
2 399 2 492 Q 9327 Q 9635 Q 9721 Q 7182 Q 8950 Q 9451
2 436" 2 436 Q 9573 Q 9773 Q 9826 1 0000 1 0000 1 0000
2 460' 2 500 Q 9733 Q 9859 Q 9893 Q 8788 Q 9561 Q 9771
2 495 2 495 Q 9967 Q 9983 Q 9987 1 0000 1 0000 1 0000
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Table 2, the relative packing density of the itan w ith annotation from a to j increasesw ith
the increase of their indices The density uniform ity coefficients, how ever, are not dependent
on their indices From their microstructures show n in Figure 2, the cross-sectional morpholo-
giesof 2(c), 2(e), 2(g), 2(h),and 2(j) show amorphous-like, and their density uniform ity
coefficients equal 1 Q Other morphologies in Figure 2 have a columnar structure, and their
density unifomity coefficients are less than 1 0 because water vapor penetrates into the
voids betw een the columns Thus, the density uniform ity coefficient is dependent on the num-
ber and the size of voids If the size of the voidsis less than that of w ater molecules, thew ater
penetration phenomenon w ill not occur. Since the reolution pow er of SEM is not enough to
reveal the micrstructure down to a scale of several nanometers, it is difficult to distinguish
the structural differences anong Figures 2(c), 2(e), 2(g), 2(h), and 2(j). This iswhy the
film,w ith an index less than that of pw< 1.0, can obtain a density unifom ity coefficient equal
to1l 0.

5 Conclusions

Table 2 show s the character that the relative packing density of the thin film dependson
its index and thew ater orption dependson the density uniform ity coefficient Pem eation of
w ater is caused by ssmemi icrostructures in film, and it dependson the density uniform ity co-
efficient relative to w ater and not on the packing density in some cases Since there is a rela-
tionship betw een structure density and microstructural property, themorphology of thin film
strongly affects both the packing density and density uniform ity coefficient T his is egecially
true for the relative packing density and density uniform ity coefficient of the thin films, for
roughness,w ater orption and diffusion behavior, optical behavior such as drift of index, and
for mechanical properties such as relatively high stresses
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